Abstract-Lower birth weight because of fetal growth restriction is associated with higher blood pressure later in life, but the extent to which preterm birth (Ͻ37 completed weeks' gestation) or very low birth weight (Ͻ1500 g) predicts higher blood pressure is less clear. We performed a systematic review of 27 observational studies that compared the resting or ambulatory systolic blood pressure or diagnosis of hypertension among children, adolescents, and adults born preterm or very low birth weight with those born at term. We performed a meta-analysis with the subset of 10 studies that reported the resting systolic blood pressure difference in millimeters of mercury with 95% CIs or SEs. We assessed methodologic quality with a modified Newcastle-Ottawa Scale. The 10 studies were composed of 1342 preterm or very low birth weight and 1738 term participants from 8 countries. The mean gestational age at birth of the preterm participants was 30.2 weeks (range: 28.8 -34.1 weeks), birth weight was 1280 g (range: 1098 -1958 g), and age at systolic blood pressure measurement was 17.8 years (range: 6.3-22.4 years). Former preterm or very low birth weight infants had higher systolic blood pressure than term infants (pooled estimate: 2.5 mm Hg [95% CI: 1.7-3.3 mm Hg]). For the 5 highest quality studies, the systolic blood pressure difference was slightly greater, at 3.8 mm Hg (95% CI: 2.6 -5.0 mm Hg). We conclude that infants who are born preterm or very low birth weight have modestly higher systolic blood pressure later in life and may be at increased risk for developing hypertension and its sequelae. (Hypertension.
M ore than 12% of infants in the United States are born preterm (at Ͻ37 completed weeks' gestation), 1 and the majority now survives to adulthood. 2 Although researchers have focused considerable attention on the adverse neurodevelopmental consequences of preterm birth, particularly for those infants born very low birth weight (VLBW; Ͻ1500 g), 3, 4 relatively little is known about other aspects of later childhood and adult health that may also be associated with preterm and VLBW birth.
Lower birth weight is associated with higher blood pressure (BP) later in life. 5 Other authors have implicated prenatal programming of BP by impaired fetal growth and its determinants, such as poor maternal nutrition, 6 hypertensive disorders, 7, 8 and smoking, 9 during pregnancy. Few, however, have examined the role of shortened gestation. Evidence is now emerging that lower birth weight resulting from preterm birth may also be associated with higher BP later in life, 10 but most studies have been relatively small and/or included participants born at a single center.
It is important to gain a clear understanding of the extent to which preterm birth predicts higher BP later in life, to inform medical and preventive care for survivors of preterm birth as they reach adulthood, and to increase scientific understanding of mechanisms underlying the fetal and postnatal programming of BP. The aim of this study was to perform a systematic review of the literature and meta-analysis to test the hypothesis that children, adolescents, and adults who were born preterm or VLBW have higher systolic BP (SBP) and hypertension prevalence, as compared with those born at term.
Methods

Search Strategy
We followed the Meta-Analysis of Observational Studies in Epidemiology 11 guidelines regarding the design, implementation, analysis, and reporting of this study. We searched for all of the observational studies that compared the resting and/or ambulatory BP or the hypertension prevalence of former preterm or VLBW children (Ͼ2 years old), adolescents, or adults with those born at term, published from January 1946 through June 2011. We included studies of preterm and VLBW children because virtually all of the VLBW children are preterm. We included the following databases in our search: PubMed, Excerpta Medica Database, ISI Web of Knowledge, and Cumulative Index to Nursing and Allied Health Literature and used the following medical subject headings and key words: "preterm birth" OR "prematurity" OR "very low birth weight" OR "low birth weight" AND "blood pressure" OR "hypertension" OR "cardiovascular risk factors" OR "cardiovascular disease." To identify additional pertinent articles, we used the "related citations" function in PubMed and hand-searched bibliographies of all of the articles that met our inclusion criteria, as well as review articles.
Selection of Articles
Of the 1979 identified articles, we excluded 1856 based on a review of the title and abstract conducted by 1 author (Figure 1 ). Two authors reviewed the full text of the remaining 123 articles to determine inclusion or exclusion. Any differences were resolved through discussion, resulting in agreement for all of the included and excluded articles. We excluded 96 articles for the following reasons: (1) no comparison group of term infants (22 articles); (2) age at measurement Յ2 years old (20 articles); (3) lack of data about birth weight or gestational age (16 articles); (4) review articles (13 articles); and (5) randomized trials (6 articles). We excluded 19 articles that reported results also reported in another article. If an article reported duplicate results from the same cohort or a subset of the cohort, we included the article with the largest sample size; in 1 case, identical results were published separately in English 12 and French, 13 so we included the article published in English. For studies that reported outcomes at different ages in separate articles, we included the article reporting results at the oldest age. Twenty-seven studies met inclusion criteria for the systematic review. For 1 article 13, 14 published in Hungarian, a neonatologist who is a fluent speaker assisted with reviewing the article for inclusion criteria and extracting the data.
Of the 27 studies included in the systematic review, for the meta-analysis we included the 10 studies that reported the resting SBP difference in millimeters of mercury with 95% CI or SEs. We could not perform a meta-analysis for hypertension prevalence or ambulatory BP because of the small number of studies, heterogeneity of methodology, and lack of reported 95% CIs and SEs.
Data Extraction
From the 27 included articles, 2 authors independently extracted the following information: (1) birth year(s); (2) location of cohort; (3) selection criteria for preterm or VLBW group; (4) sample size; (5) proportions of men and women; (6) prevalence of small for gestational age (SGA); (7) mean birth weight, gestational age, and age at BP measurement; (8) method of BP measurement and number of measurements; (9) hypertension definition; (10) SBP difference in millimeters of mercury between preterm and term participants for resting or ambulatory BP; (11) relative risk of hypertension; (12) 95% CI or SE around the effect estimates; and (13) P value. We focused on SBP because it is at least as good a predictor of later cardiovascular risk as diastolic BP and is measured with more accuracy in youth. 15 The 2 authors compared extracted data and resolved any differences by discussion.
Because some articles reported Ͼ1 multivariable model and different studies adjusted for different sets of covariates, from each article we recorded estimates from the models adjusted for the fewest and most covariates. We categorized each model as having the following: (1) no adjustment apart from age and sex; (2) adjustment for any measure of socioeconomic status; (3) adjustment for any measure of fetal growth; and (4) adjustment for participant size at the time of BP measurement. If studies reported models adjusted separately for Ͼ1 measure of participant size, we used the heightadjusted estimate; if not reported, we used the body mass indexadjusted estimate, and, if that was not reported, we used the weight-adjusted estimate.
For studies that did not report an unadjusted (or only age-and sex-adjusted) estimate of SBP difference, we calculated the unadjusted SBP difference as the mean SBP of the preterm or VLBW participants minus the mean of the term participants. One study 16 reported unadjusted SBP differences stratified by sex, so we calculated a weighted average SBP difference for the men and women combined. Similarly, for studies that did not report the relative risk or odds ratio of hypertension, we calculated the unadjusted relative risk as the percentage of preterm or VLBW participants with hypertension divided by the percentage of term participants with hypertension. For studies that reported the SE but not the 95% CI, we calculated the 95% CI as the estimated SBP difference Ϯ1.96 times the SE. For studies that separately analyzed Ͼ1 term group (eg, SGA and appropriate for gestational age), we used the appropriate for gestational age term group for comparison. For studies that only reported results separately for SGA and appropriate for gestational age preterm or VLBW participants, we extracted both estimates. We did not attempt to contact authors regarding missing data.
Assessment of Methodologic Quality
We used a modified version of the Newcastle-Ottawa Scale 17 to assess the methodologic quality of each study ( Figure 2) . We awarded studies a maximum of 7 stars, summed from up to 3 stars for selection and 2 each for comparability and outcome assessment, with more stars indicating better quality. Some studies reported Ͼ1 outcome (resting SBP, hypertension diagnosis, and ambulatory BP), so we rated the quality of those studies separately for each outcome. Two authors independently assessed the quality of each study. Initial agreement between the 2 authors on the quality score was 91%. All of the differences were resolved by discussion.
Statistical Analysis
For the meta-analysis of resting SBP difference, to calculate effect estimates, we used random-effects models, 18 which allow for sampling variability within and between studies. To assess the proportion of total variability in the effect estimate attributable to between-study heterogeneity, we calculated the I 2 statistic and associated P value. We also created funnel plots and tested for asymmetry using the method of Egger et al. 19 Funnel plot asymmetry may reflect selective publication of positive studies or lower methodologic quality of individual studies. 20 When we identified significant heterogeneity (PϽ0.05) or funnel plot asymmetry, we performed an influence analysis in which we omitted the results of one study at a time and recalculated the pooled effect estimate.
For the primary meta-analysis, we used the least and most fully covariate-adjusted estimates from each study with 95% CIs. We also analyzed separately the estimates that were adjusted for any measure 
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of socioeconomic status and later size. We could not perform a separate meta-analysis with estimates adjusted for fetal growth because there were only 2 studies with this information. We performed one set of secondary analyses restricted to studies of VLBW or very preterm (Յ32 weeks' gestation) participants, because that group is at highest risk for long-term sequelae of preterm birth. We also stratified by year of birth (Ͻ1990 versus Ն1990) and performed a separate meta-analysis for the 5 studies with a quality score of 7 (highest quality). We used Stata 10.0 (Stata Corp LP, College Station, TX) for all of the analyses.
Results
Description of Studies Included in the Systematic Review
We identified 27 observational studies, published from 1998 to 2011, describing 25 unique cohorts from 13 countries, although 2 studies 21, 22 sampled from a common database and likely had some overlap of participants. Twenty three of the cohorts were from the United States, Europe, Australia, or New Zealand. The other 2 were from China 23, 24 and Brazil. 23, 24 Of the 24 articles, 22 reported resting SBP (Table 1  and Table S1 , available in the online Data Supplement at http://hyper.ahajournals.org), 8 reported hypertension diagnosis (Table S2) , and 5 reported ambulatory BP (Table S3) .
Resting SBP
Of the 22 studies that reported resting SBP, for the meta-analysis we included the 10 studies 16,23,25-32 that reported estimates with CIs or SEs, composed of 1342 preterm or VLBW and 1738 term participants from 8 countries (Table 1) . Of studies reporting these data, the mean gestational age of the preterm participants was 30.2 weeks (range: 28.8 -34.1 weeks), and birth weight was 1280 g (range: 1098 -1958 g). Studies used different definitions of SGA status, for example, birth weight for gestational age SD score less than Ϫ2 28 or birth weight Ͻ10th percentile for gestational age. 25 The SGA proportion ranged from 15% to 51%. The mean age at BP measurement was 17.8 years (range: 6.3-22.4 years). Details of the 12 studies excluded from the meta-analysis are listed in Table S1 . Seven of the 10 studies reported the unadjusted or leastadjusted estimates. The pooled unadjusted estimate of SBP difference was 2.2 mm Hg (95% CI: 1.1-3.3 mm Hg) higher for preterm or VLBW versus term participants. Using the most-adjusted estimates from all 10 of the studies, the pooled estimate was similar, at 2.5 mm Hg (95% CI: 1.7-3.3 mm Hg; Figure 3A ). Restricting to the 5 higher quality studies, the most-adjusted pooled SBP difference was 3.8 mm Hg (95% CI: 2.6 -5.0 mm Hg), somewhat higher than for the analysis including all 10 of the studies ( Figure 3B ). Restricting to the 8 studies of former VLBW or very preterm infants, the pooled adjusted SBP difference was 2.5 mm Hg (95% CI: 1.6 -3.4 mm Hg; Figure 3C Assessment of methodologic quality for observational studies, adapted from the Newcastle-Ottawa Scale. 17 Stars were awarded if the study met the listed criteria. The maximum possible score was 7. VLBW is very low birth weight (Ͻ1500 g). 
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Nine studies 16,23,25,26,28 -32 reported an estimate adjusted for later size; the pooled estimate for those studies was 3.3 mm Hg (95% CI: 2.4 -4.2 mm Hg; Figure 3D ). Three studies 16, 23, 29 reported an estimate adjusted for a measure of socioeconomic status; the pooled estimate was 2.7 mm Hg (95% CI: 1.2-4.1 mm Hg; Figure 3E ). Only 2 studies 25, 26 adjusted for fetal growth, so a separate pooled estimate was not feasible. One study 16 Visual inspection of the funnel plot using the most adjusted estimates (Figure 4 ) revealed asymmetry, with relatively large, positive effect sizes seen for the 2 studies 28,31 with the smallest sample size and greatest variability (largest SE). The Egger et al 19 test P value was 0.06, suggesting possible undue influence of these small studies on the pooled effect. We also noted significant heterogeneity in that analysis (PϽ0.0001). However, an influence analysis omitting one at a time the 2 studies 28,31 with unbalanced effects on the funnel plot revealed pooled SBP differences of 2.3 mm Hg (95% CI: 1.4 -3.1 mm Hg) for each of the 2 analyses, minimally different from the analysis including all 10 studies. Removing each of the other studies one at a time also minimally changed the estimate (data not shown). A funnel plot of the 5 higher quality studies showed 1 study with an unbalanced effect, but the Egger et al 19 [33] [34] [35] 37, 39, 40 reported that former preterm or VLBW infants had SBP that was statistically higher than the term control group, with the SBP difference ranging from 5.1 to 13.0 mm Hg (Table S1) . Two studies 24, 36 reported a small, nonsignificant, positive SBP difference; 4 12,14,21,38 did not report statistical testing.
Hypertension Prevalence
Eight studies 21, 22, 33, 34, 41, 42 examined hypertension prevalence (Table S2 ), all but 2 14, 25 of which included only VLBW or very preterm participants or analyzed separately a very preterm subgroup. The sample size of former preterm or VLBW infants ranged from 37 to 28 220. Three studies 25, 33, 34 reported the percentage of preterm or VLBW participants who were also SGA, which ranged from 10.8% to 38.0%. Seven of the 8 studies assessed hypertension in adolescence or adulthood; 1 14 assessed hypertension at a mean age of 9.2 years. Four studies directly measured BP and defined systolic hypertension either as Ͼ140 mm Hg 21, 34 or Ͼ95th percentile for age. 14, 33 One study 41 measured ambulatory BP and used different cutoffs for 24-hour, daytime, and nighttime hypertension. One study 43 used discharge diagnoses, 1 22 used prescriptions for antihypertensive medications, and 1 25 used self-report of hypertension diagnosis. Only 2 studies 21, 22 adjusted for potential confounders.
Of the 8 studies, 3 21, 22, 25 reported a statistically higher relative risk of hypertension in preterm or VLBW participants, ranging from 1.2 to 2.5 compared with term participants. In 1 study 41 that examined ambulatory BP, 6% of preterm or VLBW participants had 24-hour, daytime, and nighttime systolic hypertension, as compared with none of the term participants for 24-hour and daytime BP and 5% for nighttime BP; statistical testing was not reported. One study 42 reported that the difference in hypertension prevalence was not statistically significant; 4 14 
Ambulatory BP
Characteristics of the 5 studies that reported ambulatory SBP are listed in Table S3 . Four 31, 40, 41, 44 included only VLBW or very preterm participants. The proportion of preterm or VLBW participants who were also SGA ranged from 27% to 42%. All but 1 study 45 
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Quality Assessment Table 2 and Table S4 show the assessment of methodologic quality for the 27 studies included in the systematic review.
All of the studies received Ն2 of 3 possible points for selection and Ն1 of 2 possible points for assessment; however, 17 studies received 0 points for lack of statistical adjustment for important potential confounders. Total scores ranged from 3 to 7.
Discussion
The results of our systematic review and meta-analysis suggest that preterm and VLBW births are associated with higher resting SBP later in life than term birth. Estimates were not materially changed by adjustment for differences in socioeconomic factors or attained height or weight, suggesting that differences in these factors do not account for the higher SBP observed in participants born preterm or VLBW. In fact, the association was strengthened somewhat by adjustment for attained size.
In our meta-analysis, we found quantitative evidence for small study effects, which can be explained by publication bias and/or poor methodologic quality of individual studies. 20 Although our influence analysis suggested only a minor effect on results by the small studies, we cannot rule out publication bias. The fact that only 2 studies reported lower SBP with preterm birth could suggest publication bias but may just be chance findings. Because all of the studies were observational rather than randomized trials for which trial registration is required, we could not identify unpublished studies.
Our meta-analysis restricted to the higher quality studies suggests that poor methodologic quality of smaller studies does not explain the observed SBP difference. In addition to the 10 studies that met criteria for our meta-analysis, we identified an additional 12 studies of resting SBP difference in our systematic review, but we were not able to quantify the potential effect of publication bias or poor methodologic quality, because those studies did not report CIs or SEs around the estimated SBP difference.
Although the observed resting SBP difference of 2.5 mm Hg is modest, even small differences in BP are important for the population with respect to prevention of cardiovascular disease. 47 The SBP difference that we observed is similar to the SBP increase that is associated with excessive intake of dietary sodium, 48 a recommended target for public health interventions aimed at reducing the incidence of cardiovascular disease in the general US population. Unfortunately, prevention of preterm birth as a means to reduce cardiovascular disease is not feasible, because no effective strategy currently exists.
Our systematic review revealed limited data on the prevalence of hypertension in former preterm or VLBW adults. Only 3 studies reported CIs or SEs, and study methodology including the definition of hypertension differed substantially across studies, making it impossible to calculate pooled estimates, which would have been important given the relatively low observed prevalence of hypertension. Similarly, data are limited on ambulatory BP, although 4 of the 5 studies reported higher 24-hour or nighttime ambulatory SBP in the preterm or VLBW participants.
The survival of preterm and VLBW infants increased markedly in the 1990s because of advances in obstetric and neonatal care. In our meta-analysis, the SBP difference was greater for participants born before 1990 versus in or after 1990. This discrepancy may be related to differences in gestational age or specific care practices but might also be explained by differences in age at SBP measurement, which occurred in adolescence or adulthood for those born before 1990 but at school age for those born in or after 1990. BP differences related to differences in birth weight are known to amplify with increasing age. 49 As the population of preterm and VLBW children born in the modern era of neonatal intensive care reaches adulthood, additional study of hypertension and its sequelae, including coronary heart disease and stroke, will be informative. It will also be important to ascertain whether the effect of preterm birth on later BP is stronger for the smaller, sicker infants who now survive because of advanced neonatal intensive care and also whether specific practices that lead to better survival also impact the risk of hypertension later in life. The mechanisms linking preterm birth with later, higher BP may involve both prenatal and postnatal factors. The risk of hypertension may be influenced through the process of fetal programming, which involves long-lasting adaptation to an adverse intrauterine environment during a critical period in development. 50 An adverse intrauterine environment may prompt preterm birth, for example, in the setting of preeclampsia or fetal growth restriction, although existing evidence does not consistently support a link between those conditions and later BP in former preterm or VLBW infants. 16, 33, 51 In our meta-analysis, we were not able to examine the extent to which fetal growth restriction modifies or confounds the association of shortened gestation with later BP, because only 2 studies adjusted for a measure of fetal growth.
The preterm infant is ex utero during the fetal developmental period from the time of preterm birth to term (40 weeks' postmenstrual age) and typically spends several weeks to months after birth in the NICU. Thus, adverse postnatal conditions could also influence later BP through fetal programming mechanisms. For example, preterm and VLBW infants often experience extrauterine growth restriction during the NICU hospitalization. 52 However, to our knowledge, no study has linked extrauterine growth restriction in preterm infants with later higher BP. In addition, long-term follow-up of randomized trials 53, 54 of nutrientenriched preterm infant formula suggest that more rapid early weight gain may lead to higher BP. After NICU discharge, preterm infants typically experience gains in weight and length resulting in catch-up to their term-born peers by school age. 55 Some 28, 33, 56 but not all 56,57 studies in preterm populations suggest that more rapid postnatal weight gain after term may lead to higher BP later in life. Although it is possible that altering early nutrition to prevent excessive weight gain may prevent the higher BP seen in former preterm and VLBW infants, one must also consider the risks of such a strategy, such as to neurodevelopment. 56, 58 A strength of our study is that we conducted a thorough and systematic search of multiple databases, so it is likely that we identified all of the relevant publications, although we could not identify unpublished studies. Two authors independently reviewed articles for inclusion/exclusion and extracted the data, improving the validity of our results. We also performed a quality assessment. We identified studies from multiple countries, improving the generalizability of our findings, although they may not apply to settings with fewer resources. Although we identified 22 studies that examined resting SBP in former preterm or VLBW infants, fewer than half reported CIs or SEs around the BP differences, so we could not include all of them in the meta-analysis. We also could not perform a meta-analysis of hypertension prevalence or ambulatory BP because of heterogeneity of methodology and the small number of published studies with CIs or SEs.
Perspectives
Our results suggest that preterm and VLBW infants have higher SBP later in life than those born at term and may be at increased risk for developing hypertension and its sequelae. These findings should inform medical and preventive care for survivors of preterm birth as they reach adulthood and also increase scientific understanding of mechanisms underlying the fetal and postnatal programming of BP.
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